Retroviral reverse transcriptases (RTs) frequently switch templates within the same RNA or between copackaged viral RNAs to generate mutations and recombination. To identify structural elements of murine leukemia virus RT important for template switching, we developed an in vivo assay in which RT template switching within direct repeats functionally reconstituted the green fluorescent protein gene. We quantified the effect of mutations in the YXDD motif, the deoxynucleoside triphosphate binding site, the thumb domain, and the RNase H domain of RT and hydroxyurea treatment on the frequencies of template switching. Hydroxyurea treatment and some mutations in RT increased the frequency of RT template switching up to fivefold, while all of the mutations tested in the RNase H domain decreased the frequency of template switching by twofold. Based on these results, we propose a dynamic copy choice model in which both the rate of DNA polymerization and the rate of RNA degradation influence the frequency of RT template switching.
The process of retroviral reverse transcription requires the dissociation of nascent DNA from one location on the RNA template and reassociation of the DNA at another region of homology (11) . The first of these template-switching events, minus-strand DNA transfer, involves the transfer of the minusstrand strong-stop DNA from the 5Ј end of the viral genomic RNA to the 3Ј end of the RNA using the two identical R regions at the ends of the viral RNAs. The second templateswitching event, plus-strand transfer, involves the transfer of the plus-strand strong-stop DNA using the complementarity between the primer tRNA and the primer-binding site. It has been hypothesized that because these template-switching events are necessary for the completion of viral replication, retroviral reverse transcriptases (RTs) have evolved to possess low template affinity and low processivity (60) . Since RTs possess low processivity, they also frequently undergo other internal template-switching events during reverse transcription. Intermolecular template-switching events between copackaged viral RNAs can result in homologous and nonhomologous recombination (24, 35, 61) . On the other hand, intramolecular template-switching events (within the same template) generate mutations such as deletions, deletions with insertions, and duplications (43, 45) .
Retroviral vectors containing directly repeated sequences provide a powerful in vivo experimental model system for elucidating the mechanism of RT template switching (14, 32, 45, 66) . Directly repeated sequences are deleted at a high frequency (8, 12, 13, 26, 35, 41, 45, 46, 63) , which appears to be correlated with repeat size (13, 32, 47, 67) . Deletion of direct repeats is a highly accurate process, because drug resistance genes and other selectable markers are functionally reconstituted with high efficiency (13, 32) . It was also recently shown that the linear distance between direct repeats increased the frequency of deletions and that within a 701-bp direct repeat, the frequency of template switching was higher near the 5Ј end of the repeat than near the 3Ј end (14) . These results suggested that the length of homology 3Ј to the site of polymerization is important for efficient template switching. These data also suggested that degradation of the template RNA with RNase H permits base pairing between the repeated sequence to facilitate RT template switching and deletion.
Structural features of RTs that may play an important role in their template-switching properties are unknown. Previous studies have indicated that RNase H activity is necessary for minus-strand transfer, as well as plus-strand transfer (17, 52, 57, 58) . Mutations in several regions of RT have been shown to affect the processivity of DNA synthesis in vitro; these regions include the Tyr-X-Asp-Asp (YXDD) motif (9, 22, 51) , the thumb region (2, 3, 5) , the finger domain (50, 56) , residue Q151 of the deoxynucleoside triphosphate (dNTP)-binding site (30) , and the RNase H domain (1, 59) . In addition, other viral proteins, specifically, the nucleocapsid protein (NC), might be important for template switching. Some in vitro studies have suggested that NC increases the processivity of RT (15, 29) . However, other studies have indicated that NC has no effect on the processivity of RT (48, 49) .
To identify the structural determinants of RT that are important for template switching, we introduced amino acid substitutions in the murine leukemia virus (MLV) RT dNTPbinding site, the YXDD motif, the ␣-helix H of the thumb domain, and the RNase H domain. In addition, we developed an in vivo assay and determined the extent to which the mutations in RT affect the frequency of template switching.
Direct repeat deletion assay. To develop an in vivo assay for RT template switching, we first constructed pES-GFFP, an MLV-based retroviral vector, using standard cloning procedures (details are available upon request; Fig. 1A ). The vector pES-GFFP contained all of the cis-acting elements needed for viral replication and the overlapping GF and FP fragments of the gene for the green fluorescent protein (GFP) separated by 25 bp. The directly repeated sequence (the F portion) was 250 bp in length. During reverse transcription, the directly repeated sequence was deleted at a high frequency, resulting in the reconstitution of a functional GFP-encoding gene (Fig.  1A) . The vector pES-GFFP also contained the selectable marker neo, which was translated from an internal ribosomal entry site (IRES) of encephalomyocarditis virus (27, 28, 31) . GFFP and neo were expressed from a single RNA transcript initiating in the 5Ј long terminal repeat (LTR).
Next, the pES-GFFP vector was used to construct a stable cell line that was named B2-1GFFP. To construct the B2-1GFFP cell line, the plasmid pSV-A-MLV-env, which expresses the amphotropic MLV envelope gene, was obtained from the AIDS Research and Reference Reagent Program (Fig. 1A) . The plasmid pSV-A-MLV-env was cotransfected with pBSpac, a plasmid that encodes the puromycin N-acetyltransferase gene and confers resistance to puromycin (58) , into D17 dog osteosarcoma cells (obtained from the American Type Culture Collection). Transfection, infection, and drug selection were performed as previously described (31, 32) . Puromycin-resistant cell clones were isolated, and their ability to express a functional amphotropic envelope protein was verified by generating infectious virus upon cotransfection with the construct pLGPS, which expresses the MLV gag-pol-encoded proteins, and the retroviral vector pGA-1, which encodes neo (Fig. 1A) . One cell clone, named B2, was selected because it exhibited the highest viral titer (10 5 CFU/ml). The pES-GFFP vector was introduced into B2 cells by generating ES-GFFP virus from PG13 packaging cells (40) , infecting B2 cells, and selecting for G418-resistant cell clones (G418 is an analog of neomycin). To select a clone with undeleted directly repeated F portions of GFP, five cell clones were analyzed by fluorescence-activated cell sorter (FACS) (result of cell clone B2-1 shown in Fig. 1C, top) . Less than 0.4% of the cells were fluorescent, which was similar to the proportion of fluorescent cells in uninfected D17 cells (0.1%), indicating that the GFP was not functionally reconstituted.
To verify that the ES-GFFP provirus was capable of completing one cycle of retroviral replication and functionally reconstituting GFP, cell clones with undeleted direct repeats were cotransfected with pLGPS and pSV␣3.6, which conferred resistance to ouabain (36) . Virus production from the ouabainresistant B2-1 cell clones was verified by infection of D17 cells, which were selected for resistance to G418 and analyzed by FACS (example shown in Fig. 1C, bottom) . The B2-1 cell clone that exhibited the highest titer (10 5 CFU/ml) was named B2-1GFFP and used in all subsequent experiments (data not shown). The presence of a high proportion of fluorescent cells indicated functional reconstitution of GFP.
To ensure that the B2-1GFFP cells did not harbor a replication-competent MLV, culture supernatant from a pool of D17 cells infected with virus from the B2-1GFFP cells was used to infect fresh D17 cells. The absence of G418-resistant colonies verified that a replication-competent MLV was not present (data not shown). Finally, Southern blotting was performed to ensure that the B2-1GFFP cells contained only one ES-GFFP provirus (data not shown). Protocol. The protocol used to identify protein determinants important for RT template switching during reverse transcription is outlined in Fig. 1B . First, pLGPS-derived constructs containing mutations in the MLV RT were separately cotransfected with pSV␣3.6 into B2-1GFFP cells. The transfected cells were selected for resistance to ouabain, and the resistant colonies were pooled and expanded. The B2-1GFFP cells were maintained in the presence of 1 M 3Ј-azido-3Ј-deoxythymidine (AZT) to reduce the probability of reinfection of the virus-producing cells. This concentration of AZT was previously shown to inhibit MLV replication 100-fold (33) . Control experiments in which B2-1GFFP cells were maintained in the absence or presence of AZT indicated that the presence of AZT did not influence the frequency of direct repeat deletion and GFP reconstitution (data not shown). Before collecting virus, the culture medium containing AZT was removed and the cells were plated at a density of 5 ϫ 10 6 /100-mm-diameter dish. The culture medium was replaced with fresh medium 24 h later. Another 24 h later, the culture medium containing ES-GFFP virus was harvested and used to infect D17 target cells. The infected D17 cells were selected for resistance to G418, and the resulting colonies were pooled and analyzed by FACS to determine the frequency of direct repeat deletion. In most experiments, approximately 100 to 1,000 colonies were pooled for each analysis. In general, the multiplicity of infection was Ͻ0.0005 and the probability of double infection was very low (Ͻ1 in 2,000 colonies). The frequency of direct repeat deletion provided a measure of the template-switching events during one cycle of retroviral replication.
MLV RT mutants. All of the mutants that were tested in the direct repeat deletion assay are summarized in Fig. 2A . Construction of the YXDD motif and the RNase H mutant forms of MLV RT was described previously (21; E. K. Halvas, E. S. Svarovskaia, and V. K. Pathak, submitted for publication). A detailed description of the mutagenic oligonucleotides and the strategies used to introduce mutations into the dNTP-binding site (Halvas et al., submitted) and ␣-helix H of the thumb domain is available upon request.
Two criteria were used for selection of the RT mutants for analysis of their effects on template switching. First, mutations that were previously reported to be important for the processivity or fidelity of reverse transcription were selected for the study. Second, only mutants that were previously shown to generate detectable viral titers were selected because the in vivo direct repeat deletion assay required that the mutants complete one cycle of retroviral replication.
Effect of dNTP-binding site and YXDD motif mutants on template switching. The amino acid residues of MLV RT involved in binding to the dNTP substrate were previously identified on the basis of sequence alignments and comparison of crystal structures of the MLV and human immunodeficiency virus type 1 (HIV-1) RTs (18, 23, 25; Halvas et al., submitted). Residues L151, F155, and F156 of the MLV RT are homologous to residues V111, Y115, and F116 of the HIV-1 RT, respectively (Fig. 2B ). The effects of the L151F, F155Y, F156W, and Q190M mutations on template switching were determined. The F155Y, F156W, and Q190M mutations increased the frequency of direct repeat deletions, which ranged from 14.6 to 49.5% (Table 1) . However, the L151F mutation did not affect the ability of the RT to switch templates. The most significant change was caused by the F156W mutation, which increased the direct repeat deletion frequency 4.8-fold (P Ͻ 0.00005; all statistical analysis was performed using the two-sample t test).
Position V223 of the highly conserved YXDD motif of the MLV RT was selected for mutagenesis because previous studies indicated that this amino acid is important for the processivity and fidelity of RT (9, 21, 22, 51) . The results obtained from analysis of the V223I and V223M mutations are summarized in Table 1 . The V223I mutant form of MLV RT exhibited a twofold increase in the frequency of GFP reconstitution (P Ͻ 0.00005). However, the V223M mutant form of MLV RT did not exhibit a statistically significant alteration in the frequency of GFP reconstitution (P ϭ 0.246). Therefore, replacement of V223 of MLV RT with the equivalent methionine residue in HIV-1 RT did not change the frequency of template switching by MLV RT ( Table 1) .
Effect of thumb domain mutations on template switching. The thumb domain of MLV RT was chosen as a target for mutational analysis because the HIV-1 RT crystal structure and in vitro assays strongly suggested that it is important for processivity (2, 3, 5) . Since the thumb domain of the MLV RT has not been crystallized and there is no significant primary sequence homology in this region between the MLV and HIV-1 RTs, the precise location of ␣-helix H of the thumb domain of the MLV RT was unclear. The primary sequence of the MLV RT was compared to those of 15 other retroviral RTs (data not shown). Nearly all of the RT sequences analyzed contained a G-X-X-X-(W/F/Y) (aromatic amino acid) motif. All 16 RTs contained a glycine at the position equivalent to HIV-1 G262 (Fig. 2C) . Fifteen of the 16 RTs contained an aromatic amino acid at the position equivalent to HIV-1 W266. Therefore, the analysis strongly indicated that MLV RT G305 and F309 are equivalent to HIV-1 RT G262 and W266 (Fig.  2C) . This was further supported by the fact that the distance between the MLV primer grip region (YLGY) and the MLV G-X-X-X-F region is 33 amino acids, which is very similar to the 29-amino-acid distance between the HIV-1 primer grip and the G-X-X-X-W motif. This region of the MLV RT is very similar to the spleen necrosis virus (SNV) RT (Fig. 2C) . Molecular modeling of this region, using the HIV-1 RT crystal structure, also indicated that this region is likely to be equivalent to the HIV-1 ␣-helix H (data not shown). Finally, mutational analysis showed that all eight substitution mutations of MLV G305 resulted in at least 10,000-fold reductions in viral titers, indicating that this glycine is very important for viral replication (E.S.S. and V.K.P., unpublished data).
Based on this analysis, residues R301, G305, and F309 are predicted to face the same side of the ␣-helix H and are involved in making contacts with the template-primer complex. Previously, several mutations were introduced at all three of these residues and their effects on the fidelity of reverse transcription were determined (E.S.S. and V.K.P., unpublished).
For this study, the R301L, R301Q, R301S, F309A, F309H, and F309W mutations were selected for further analysis.
The effects of mutations at residues R301 and F309 on the frequency of direct repeat deletion are summarized in Table 1 . The R301L and F309A mutations produced statistically significant reductions in the frequency of GFP reconstitution to 6.6 and 5.9%, respectively (P Ͻ 0.003). Conversely, the F309H mutation produced a statistically significant increase in the frequency of direct repeat deletions to 18% (1.8-fold increase; P Ͻ 0.00005). Finally, the R301Q, R301S, and F309W mutations did not produce a statistically significant change in the frequency of direct repeat deletions. Therefore, mutation of residues R301 and F309 to the equivalent Q and W residues found in the HIV-1 RT, respectively, did not affect the frequency of RT template switching.
Effect of RNase H domain mutations on template switching. Mutations S526A, Y598V, and R657S were introduced into the MLV RNase H domain, and the effects of these mutations on template switching were determined. These mutations were selected because it was previously shown that the RNase H domain plays an important role in obligatory template-switching events during reverse transcription (17, 52, 57, 58) . Additionally, it was previously shown that these RNase H mutations permitted viral replication to occur. These mutations produced much slower replication kinetics, suggesting a defect in RNase H activity (6, 7) .
The effects of the S526A, Y598V, and R657S mutations on the frequency of direct repeat deletion are summarized in Table 1 . All three RNase H mutations produced a statistically significant reduction in the frequency of direct repeat deletions (P Ͻ 0.00005). The frequency of deletions was reduced to approximately 50% of that observed for wild-type RT (0.5-fold).
Effect of HU treatment on the frequency of direct repeat deletion. Hydroxyurea (HU) treatment has been shown to deplete all four cellular nucleotide pools and increase retroviral mutation rates (34) . It has been recently shown that HU treatment of infected cells resulted in a significant reduction in the rate of polymerization with which reverse transcription proceeds (47) .
We hypothesize that mutations in the dNTP-binding site and the YXDD motif result in polymerases that catalyze DNA synthesis more slowly than wild-type RT and that this reduction in the rate of DNA synthesis increases the frequency of RT template switching. A model to explain the rationale behind this hypothesis is outlined in Fig. 3 and discussed later. To test this hypothesis, D17 target cells were infected with virus generated with the wild-type RT, as well as V223I and Y598V mutant forms of RT, in the absence or presence of 1 mM HU. HU treatment was performed as previously described (34) . Briefly, D17 cells were placed on culture medium containing 1 mM HU for 4 h prior to infection, 4 h during infection, and 24 h postinfection. The frequency of direct repeat deletion and GFP reconstitution was determined. The results are shown in Table 2 . In the presence of HU, the frequency of GFP reconstitution was increased by 1.7-fold for wild-type RT, which is in agreement with previously published results (P Ͻ 0.0065) (47) . Similarly, the frequency of GFP reconstitution increased 1.8-fold for the V223I mutant RT in the presence of HU (P Ͻ 0.0018), indicating that HU treatment could further increase the frequency of direct repeat deletion for mutant RTs that exhibited a higher deletion frequency in the absence of HU. However, HU treatment did not increase the frequency of direct repeat deletions for the Y598V RNase H mutant form of MLV RT (P ϭ 0.836).
The experiments described here demonstrate that we have b Frequency of direct repeat deletion was determined as a percentage of infected D17 target cells that exhibited fluorescence after G418 selection compared to the negative control. The standard error of the mean was determined by using the Sigma Plot 5.0 program.
c Calculated as follows: frequency of direct repeat deletion observed with mutant MLV RT Ϭ frequency of direct repeat deletion observed with wild-type RT. Statistically significant changes in the frequency of direct repeat deletions, relative to the wild-type RT (set to 1.0) are shown (two-sample t test, P Ͻ 0.05).
developed a powerful in vivo assay to identify structural determinants of MLV RT that are important for template switching. This assay is more rapid than previously described assays utilizing the herpes simplex virus thymidine kinase or ␤-galactosidase gene because it is not necessary to compare viral titers after different drug selections or count numerous colonies (13, 47) . Furthermore, the FACS analysis of infected cells allows accurate and rapid quantitation of the frequency of direct repeat deletion from large pools of infected cell colonies. In addition, the assay makes it possible to rapidly analyze a large number of RT mutations and to determine whether the structural alterations affect the frequency of template switching during in vivo retroviral replication. Analysis of viable mutants in vivo is more likely to reveal how the mutations may affect the viral population. For example, the F156W mutation may arise during viral replication, which could result in a fivefold increase in the rate of recombination.
Our results demonstrate that several different domains of MLV RT can affect the frequency of template switching. Mutations in the dNTP-binding site, the YXDD motif, the ␣-helix H of the thumb domain, and the RNase H domain can affect the frequency of template switching. These results are not surprising, since previous studies have shown that mutations in these domains can affect RT processivity (1-3, 5, 9, 22, 30, 50,  51, 56, 59 ). It is interesting that most of the mutations in the YXDD motif and the dNTP-binding site increased the frequency of RT template switching. These mutations would be expected to interfere with the rate of DNA polymerization, although this effect has not been directly shown. This expectation is supported by the observation that most of these mutations produced lower RT activities (Halvas et al., submitted) . The F156W mutation, which produced the largest increase in the frequency of RT template switching (4.8-fold), also caused the most severe defects in viral replication (2% of the wild-type titer) and RT activity (11% of the wild-type activity) (Halvas et al., submitted). However, the frequency of RT template switching was not correlated to the reduction in viral titers for other mutations, perhaps because other steps in retroviral replication, such as initiation of DNA synthesis, were also affected by these mutations.
Interestingly, an increase in the frequency of RT template switching was not correlated with a reduction in the overall fidelity of the RT. Previous results have shown that the YIDD mutation, which caused a twofold increase in RT template switching, did not cause a change in fidelity (21) . The RNase H mutations caused twofold reductions in template switching but little or no decrease in fidelity (0 to 1.6-fold). These results suggest that an alteration in the processivity of RT does not affect its overall fidelity.
Previous studies have shown that alanine-scanning mutations in the ␣-helix H of the thumb domain of HIV-1 RT greatly decreased in vitro fidelity and increased the rate of frameshift mutations (4, 5) . These results suggested that mutations in the ␣-helix H would decrease processivity and increase the frequency of RT template switching. It was therefore surprising that most of the mutations tested in the present study either had no effect or decreased the frequency of RT template switching. The only exception was the F309H mutation, which increased the frequency of template switching nearly twofold. It was especially surprising that the F309A mutant form of MLV RT did not increase the frequency of template switching in vivo. In vitro studies and biochemical analysis of the equivalent mutant form of HIV-1 RT (W266A) have shown that this mutant RT has a very low affinity for the template primer and the dissociation constant is nearly 430-fold higher than that observed for the wild-type HIV-1 RT (4). The F309A mutation in MLV RT might affect other properties of the enzyme that prevent template switching despite its low template affinity. Mutations in the primer grip have been previously shown to reduce RNase H activity (19, 42) . Therefore, it is possible that the F309A mutation in MLV RT also affects RNase H activity, which might suppress template switching.
All of the RNase H mutations tested caused lower frequencies of RT template switching. These results are consistent with previous observations that RNase H is essential for template switching in vitro, as well as for obligatory strand transfer events during viral replication (17, 39, 52, 57, 58) . Interestingly, the RNase H mutant forms of MLV RT reduced the frequency of template switching by approximately 50%. We have previously observed that RT template-switching events occur at a Total number of colonies that were analyzed by FACS in three to six independent infections.
b Determined as described in Table 1 , footnote b. c Calculated as follows: frequency of direct repeat deletion observed with mutant or wild-type MLV RT Ϭ frequency of direct repeat deletion observed with the same MLV RT in the presence of 1 mM HU. Statistical analysis using the two-sample t test showed that the wild type, as well as the V233I mutant form of MLV RT, displayed direct repeat deletion frequencies different from that observed in the presence of 1 mM HU (P Ͻ 0.01). The direct repeat deletion frequencies obtained with the Y598V mutant form of MLV RT were not significantly different in the presence or absence of HU (P ϭ 0.836).
very similar frequencies during RNA-dependent and DNAdependent DNA synthesis (8) . According to the previously proposed model (14) , RNase H activity is necessary for template switching during RNA-dependent DNA synthesis. Therefore, the MLV RT RNase H mutations may severely impair template switching during RNA-dependent DNA synthesis but not affect the frequency of template switching during DNAdependent DNA synthesis, as observed previously (16) . If this interpretation is correct, then only a small fraction of the template-switching events observed with the RNase H mutant forms of MLV RT occurred during minus-strand DNA synthesis.
Dynamic copy choice model for RT template switching. We recently developed a model for RT template switching (14) . The model proposed that base pairing between newly synthesized DNA sequences 3Ј to the RT with complementary sequences of the template increases the probability of RT template switching. As RT copies the 3Ј direct repeat, RNase H degrades the RNA template 3Ј to the RT. Next, hydrogen bonding occurs between the newly synthesized single-stranded DNA and complementary sequences in the 5Ј copy of the direct repeat. The conformational rearrangements that permit this hydrogen bonding are depicted as a loop in the template RNA in Fig. 3 . The hydrogen-bonding interactions 3Ј to the RT serve to bring the homologous acceptor template in close proximity to the RT, subsequently leading to branch migration and a template switch.
We have modified the proposed model to incorporate observations reported here (Fig. 3) . The revised model, called the dynamic copy choice model, proposes that there is a steady state between the rate of DNA polymerization and the rate of template RNA degradation 3Ј to the RT. The steady state determines the extent of nascent DNA that is available for base-pairing interactions with the acceptor template. We propose that this steady state can be disturbed by affecting the rate of DNA polymerization, as well as the rate of RNA degradation. Once the nascent DNA 3Ј to the RT is available for base-pairing interactions with the acceptor template, the NC protein promotes hydrogen bonding and duplex formation (62) . After the DNA duplex forms 3Ј to the RT, the primer end of the nascent DNA is released from the donor template, which might involve its dissociation from the RT. Finally, the primer end associates with the acceptor template, completing the template switch. Even though the RT template-switching events are portrayed as intramolecular events, the same mechanistic events could also result in intermolecular templateswitching events.
In this study, we observed that conditions likely to reduce the rate of DNA polymerization increased the frequency of RT template switching. These conditions included carrying out reverse transcription with HU treatment, as well as RTs containing mutations in the dNTP-binding site and the YXDD motif. The reduction in the rate of DNA polymerization may permit more efficient degradation of the template RNA and/or provide more time for hydrogen bond formation between the nascent DNA and the acceptor template. On the other hand, when RNase H mutant forms of RT were used, the rate of RNA degradation might have been reduced, resulting in impairment of base-pairing interactions between the nascent DNA and the acceptor template. As a result, the frequency of RT template switching was reduced.
The dynamic copy choice model helps to integrate some of the previously proposed models and experimental observations associated with RT template switching. First, the previously proposed forced copy choice model is consistent with the dynamic copy choice model (10) . The forced copy choice model proposed that when RT encounters a break in the template RNA, the RT switches templates. In the dynamic copy choice model, a break in the RNA would represent one extreme situation in the spectrum in which the rate of DNA polymerization has been reduced to zero. The obligatory template switches during reverse transcription, namely, minus-and plusstrand DNA transfers, also represent the same situation in which the rate of DNA polymerization is zero. Second, the dynamic copy choice model is consistent with several previous observations that secondary structures in the template RNA create RT pause sites, increasing the frequency of template switching (37, 38, 44, (53) (54) (55) 65) . Since RT pausing is likely to reduce the rate of DNA polymerization, its effect on RT template switching should be similar to that observed for HU treatment or RT mutations expected to reduce the rate of DNA polymerization.
Our observation that HU treatment did not increase the frequency of RT template switching for RNase H mutation Y598V suggests that decreasing the rate of DNA polymerization is unable to overcome this particular defect in RNase H activity. Although at first glance this observation appears surprising with respect to the dynamic copy choice model, the interpretation of the result is dependent on the extent to which the template-switching events observed with the Y598V mutant form of MLV RT occurred during minus-strand DNA synthesis. The observation that HU treatment did increase the frequency of template switching for wild-type RT suggests that the rates of DNA polymerization and RNase H degradation are similar. It is possible that the RNase H activity of the Y598V mutant form of RT is substantially lower than the wild-type RNase H activity. If so, the HU treatment might not be able to compensate for this substantial RNase H defect by reducing the rate of DNA polymerization. As discussed earlier, only a small fraction of the template-switching events observed with this mutation may have occurred during minus-strand DNA synthesis. For example, if we assume that 25% of the template-switching events observed with the Y598V mutant form of MLV RT occurred during minus-strand DNA synthesis, then only 1% of the proviruses underwent direct repeat deletion during minus-strand DNA synthesis (25% of an overall deletion frequency of 4%). If the frequency of direct repeat deletion during minus-strand DNA synthesis is increased by approximately twofold with HU treatment, then the overall rate of direct repeat deletion would be expected to increase from 4 to 5%. The direct repeat deletion assay used in this study may not be sufficiently sensitive to detect such a small increase in the deletion frequency.
It is also important to note that direct repeat size might determine the sensitivity of the assay and whether a defect in RNase H activity can be overcome to a level that can be detected by reducing the rate of polymerization. It is possible that increasing the direct repeat size will increase the time frame in which a defective RNase H can degrade the template RNA. Consequently, the frequency of RT template switching events that occur during minus-strand DNA synthesis will be increased for all RTs. Since the overall frequencies of direct repeat deletions will be higher, the overall sensitivity of the assay should be increased.
It must be pointed out that the Y598V mutant form of RT was previously shown to have 100% polymerization-independent RNase H activity in an in vitro assay (7) . However, it is unknown whether the polymerization-dependent and/or the polymerization-independent activities of RNase H are important for RT template switching. Furthermore, it is unclear whether the in vitro RNase H activity reflects the level of activity that is displayed in the context of in vivo viral replica-tion. The Y598V mutant form of RT most likely has a defect in RNase H activity in vivo, since it exhibited slower kinetics of viral replication and a fivefold reduction in viral titer (6, 21) . Therefore, it is possible that the Y598V RNase H defect cannot be overcome by decreasing the rate of DNA polymerization with HU treatment.
Finally, other structural determinants of RT, as well as other viral proteins not analyzed in this study, might have a strong influence on RT template switching. Specifically, the NC protein has been shown to promote minus-strand and plus-strand DNA transfer events and might play an important role in stabilizing the hydrogen bonding between the nascent DNA and the acceptor template (20, 64) . Experiments to analyze the role of other structural determinants of RT and NC in template switching are under way. 
